Introduction
Analysis of growth is an important component of many biological studies. Growth has been defined as the process of an animal gaining weight with time until it reaches maturity. Application of mathematical models can integrate theories and observations into a coherent framework that can be useful for both conceptual and computational purposes. Historically, researchers have utilized a mathematical function delineated by Gompertz (1825) for describing growth in poultry. Another equation for describing growth in organisms is the logistic function, which is one of the most frequently applied equations for description of sigmoid or S-shaped growth.
The logistic and Gompertz functions have fixed growth forms with points of inflection at about 50% and 37% of the asymptote, respectively (Rickleft, 1968) . The four-parameter functions such as the Lopez, Weibull and Richards equations with vari-ABSTRACT. This study compared five non-linear growth functions (Gompertz, logistic, Lopez, Richards and Weibull) using body weight (BW) measurements from a commercial strain (Ross 308) and Iranian native chickens. Seventy two commercial broilers and seventy two native chickens were randomly assigned to four treatments. Each treatment consisted of six replicates of three chickens. The chickens were fed with maize-soyabean meal supplying four levels of metabolizable energy (ME) (100%, 94%, 88% and 82% of NRC recommendations) for eight weeks. Body weight was measured weekly from 2 weeks of age. Flexible growth functions were evaluated for their ability to describe the relationship between liveweight and age, and were compared with functions having a fixed point of inflection. Based on goodness of fit criteria and statistical performance, the flexible growth functions fit the data better than the functions with a fixed point of inflection, such as the Gompertz and logistic functions. Among the flexible growth functions, the Richards function gave the best fit to the data, with adjusted coefficients of determination ranging from 99.51 to 99.12 for commercial and native birds, respectively. The results indicated that commercial broilers had a higher final body weight (W f ) than the native chickens. The chickens receiving 100% ME concentrations had higher body weights compared with the chickens on lower energy levels. Based on the Richards function, the decreased dietary ME concentrations caused a linear reduction in W f in the commercial strain (P < 0.05); however, dietary energy concentrations had no effect on the W f and other growth curve parameters in native chickens (P > 0.05).
able points of inflection, provide a flexible growth function capable of describing sigmoidal and diminishing returns behaviour (Maruyama et al., 1999 (Maruyama et al., , 2001 Lopez et al., 2000) .
Energy supplying components of animal diets account for approximately 95% of dry matter (Latshaw and Moritz, 2009) . When animals are fed at the maintenance level, all of the dietary metabolizable energy will be converted to heat. Growing birds must eat extra feed to provide additional energy for the synthesis of body tissues. On the other hand, dietary energy has been suggested to be the key input that controls broiler growth trajectory (Aerts et al., 2003) . Recently, Nahashon et al. (2010) demonstrated that dietary protein and energy can affect the growth parameters of the French guinea fowl based on the Gompertz-Laired function.
Native broiler chickens have meat quality characteristics that are often favoured by consumers over those of commercial breeds. Therefore, native chicken breeds not only contribute to the conservation of poultry genetic resources, but are also of high economic value.
Therefore, the aims of this study were to 1. use non-linear functions to describe the growth characteristics of two genetic groups of chickens, a commercial strain (Ross 208 broilers) and Iranian native chickens, and to compare them using criteria related to function selection, 2. to determine the effect of dietary energy concentrations on their growth parameters.
Material and methods

Birds, diets, management
A total of 144 one-day-old chickens (72 commercial Ross 308 and 72 Iranian native chickens) were housed separately in floor pens containing litter composed of wood shavings. At one week of age (WOA), each group of chickens was divided into 24 groups, 3 chickens per group, and transferred to metabolism cages (45 × 30 × 25 cm) with mesh flooring in a temperature-controlled room with continuous lighting. The chickens received a maize-based starter diet up to 2 WOA (Table 1) . At 2 WOA, birds were weighed individually and each of the 4 experimental diets was fed to 6 groups of chickens for six weeks. The chickens were fed with maize-soyabean meal supplying four levels of metabolizable energy (ME) concentrations (100%, 94%, 88% and 82% of NRC recommendations 1994) for eight weeks.
The ratio of ME (kcal · kg -1 ) to crude protein (CP) percentage remained constant among all dietary treatments (Table 1 ). Diets were offered as pellets. Feed and water were provided ad libitum. Room temperature was set at 30°C in the second week of life and was then decreased by 0.3°C per day to 24°C, at which time no artificial heating was provided. Body weight was measured weekly from 2 WOA. the premix supplied the following: mg · kg -1 diet: retinol -3.6 (about 1.1 IU · KJ -1 ), cholecalciferol -0.075 (about 0.26 IU · KJ -1 ), biotin -1, dl-α-tocopherylacetate -10, riboflavin -10, pantothenate -20, choline -2000, niacin -100, thiamine -10, pyridoxine -10, menadion sodium bisulphate -1.5, cyanocobalamin -0.1, folic acid -2, ethoxyquin -150, Mn -100, Fe -100, Cu -10, Co -1, I -1, Zn -100 3 estimated from NRC (1994) composition tables
Growth functions
To estimate body weight (BW) at a certain age, two 3-parameter and three 4-parameter non-linear functions were fitted to body weight data. The growth functions used in this study were: Gompertz (Gompertz, 1825) :
Logistic (Robertson, 1908) :
Lopez (Lopez et al., 2000) :
Richards (Richards, 1959) :
Weibull (Maruyama et al., 1999 (Maruyama et al., , 2001 :
where: W -the expected BW at a given age, W fthe asymptotic BW of the chickens, W 0 -the initial BW, t -the age at the inflexion point; K -the age to approximately one-half maximum BW, m -a shape parameter, and B, C, k, n -constants.
The general differential form of a growth function is dW/dAge = f (W, Age), which means that the growth rate of a biological system is dependent on the liveweight and age. A growth function, however, can characterize some underlying physiological or biological mechanisms or constraints (Darmani Kuhi et al., 2003) . Some properties of growth functions are shown in Table 2 .
Statistical procedures
The growth functions were fitted to the measurements of liveweights related to age via a nonlinear procedure using the Marquardt algorithm of SAS (2009).
Several statistics are used to determine the goodness of fit. The coefficient of determination (r 2 ) and adjusted coefficient of determination (R 2 ) are the most common ones used to compare the performances of the estimated functions. The accuracy of function selection can be increased by including other selection criteria. In this respect, the functions fitted to the data were compared by using the goodness of fit statistics listed below:
where: RSS -the residual sum of square, SST -the total sum of squares.
Adjusted coefficient of determination:
where: n -the number of observations, k -the number of parameters included in the function.
RSS was used to compare the functions. The fit with the smallest RSS and the same number of parameters was selected as the superior fit. The statistical significance between functions in terms of the goodness-of-fit was assessed using an F test (Darmani Kuhi et al., 2003) . For functions with the same number of parameters, an F test in the form of F = RSS 1 /RSS 2 was used in which the subscripts 1 and 2 refer to the fit with larger and smaller RSS values, respectively. The functions with different numbers of parameters were tested using the following F test (Motulsky and Ransnas, 1987) : Weibull Maruyama et al., 1999 Maruyama et al., , 2001 W -predicted body weight at a given age; W f -the asymptotic weight; W 0 -the initial weight; K -the age to approximately one-half maximum weight, m -a shape parameter, B, C, e, k, n, α, λ, are constants in which df -the degree of freedom. The subscript 1 refers to the fit with fewer parameters, i.e. the simpler function. H0 means that all functions have the same RSS.
The differences in growth parameters for two strains were tested using the general linear model procedure of SAS (2009) . A complete randomized design arranged as a 2 × 4 factorial experiment was used to indicate significant differences in growth as affected by the dietary ME concentration (P < 0.05). The data were analysed using the general linear model procedure of SAS (2009). Duncan's multiple range test (P < 0.05) was used to test the significance of differences between means.
Results
The estimated parameters for the applied functions in the commercial strain and native chickens are presented in Table 3 . Parameter values are shown together with their standard errors (SE) when the software was able to calculate it. Growth functions could be fitted by non-linear regression in both genetic groups. For all five functions, the parameter W f , which is defined as asymptotic final BW, was greater for the commercial strain than for the native birds. Parameter k, which is interpreted as the rate of exponential decay of the initial growth rate, was identical in both genetic groups. Both genetic groups reached an inflection point at the same age. All nonlinear functions showed that the commercial strain had a 2.5-fold greater weight at the inflection point and final BW (W f ) than the native chickens.
The RSS values, as criteria for the goodness of fit, showed that the logistic and Gompertz equations were not able to produce a suitable fit, but the other growth functions provided a perfect fit, especially for the native chicken. Among the four-parameter functions (Lopez, Richards and Weibull) , the Richards function showed the smallest RSS value. The RSS value was larger for the Gompertz function compared with the logistic one. The Richards function was superior to other functions, because the fit in both genetic groups led to lower RSS values and, therefore, to a better fit to the data. Nonetheless, based on adjusted determination coefficients (R 2 ), with a minimum and maximum value of 99.14% and 99.51% for the commercial strain and a minimum and maximum value of 98.71% and 99.12% for native chickens, none of the functions was superior to other functions.
If the functions fit the data with sensible values, and the more complicated function (the one with more parameters) fits better, statistical calculations are used to decide which function is to be accepted. Goodness-of-fit was assessed using an F test. The statistical F tests among the functions, based on the RSS value, for the functions with the same and with different numbers of parameters are shown in Table  4 . The F test comparison between the logistic and Gompertz functions (which have the same number of parameters) showed no significant difference between these functions in either genetic group. The four-parameter functions (with the exception of the Lopez function) were superior to the Gompertz and logistic functions for both genetic groups. The Lopez function was superior to the logistic function only in the commercial strain. In both genetic groups, the Richards function provided a better fit compared with the other flexible growth functions. In the commercial strain, the Weibull function provided only a 4.17% better fit compared with the Richards function. 98.79 value in the parentheses is standard error W 0 -the initial weight, g; W f -the final weight, g; k -the rate of exponential decay of the initial growth rate; t i -time of maximum growth, day; W i -weight at inflection point, g; RSS -residual sum of squares
The means and SEM of predicted growth parameters are presented in Tables 5 and 6. The five growth functions showed different behaviours, which were initialized by W 0 and ended at W f . The effect of dietary ME concentration on growth parameters was significant (P < 0.05) in both genetic groups, but with different patterns in each growth function. The time of maximum growth (t i ), predicted by the Gompertz function, was significantly higher (P < 0.05) in commercial-strain birds fed diets containing 3008 kcal of ME · kg -1 , but not in the native birds.
Based on function behaviour, the Richards function provided an excellent fit to both genetic groups. Based on the Richards function, W f was affected by ME concentration in the commercial strain (Table  5) , with the chickens on the diet containing 3200 kcal of ME · kg -1 showing the highest W f and those Weibull -1 percentage of cases in which the model specified in the column was significant (P < 0.05) superior to the model specified in the row ME -metabolizable energy in the diets; W 0 -the initial weight, g; W f -the final weight, g; k -the rate of exponential decay of the initial growth rate; t i -time of maximum growth, day; W i -weight at inflection point, g; RSS -residual sum of square within columns and for each function, means with no common superscript differ significantly (P < 0.05) SEM -standard error of the mean on the diet containing the lowest ME concentration (2658 kcal of ME · kg -1 ) showing the smallest W f (P < 0.05). The final body weight (W f ) was not affected (P > 0.05) by dietary ME concentration in the native birds. The differences in the k parameter, time of maximum growth (t i ), and body weight at time at inflection point (W i ) among dietary ME levels were not significant in either genetic group (P > 0.05). Growth data from both genetic groups at different ages were pooled and compared for the effect of ME concentration (Table 7) . As expected, commercial birds grew faster at all WOA compared with the native birds. The body weight at different WOA was affected by the dietary ME concentration, and chickens on 100% NRC recommendation (1994) for ME concentrations. No significant difference (P > 0.05) was observed for body weight at different WOA for other levels of diet ME concentration (Table 7) . The interaction between genetic background and dietary ME concentration on body weight at various WOA was not significant (P > 0.05). ME -metabolizable energy in the diets; W 0 -the initial weight, g; W f -the final weight, g; k -the rate of exponential decay of the initial growth rate; t i -time of maximum growth, day; W i -weight at inflection point, g; RSS -residual sum of square within columns and for each function, means with no common superscript differ significantly (P < 0.05) SEM -standard error of the mean 
Discussion
Growth curves are often non-linear sigmoidal functions parameterized to include an asymptote and an inflection point. The non-linear functions have been used extensively to model animal growth (Thornley and France, 2007) . Assuming an appropriate growth function, the accuracy of function parameters depends on the accuracy of the data. The data set of the current study was collected from two genetic groups of chickens (a commercial strain and Iranian native chickens) assigned to four levels of ME concentration in their diets with weekly BW recording over different phases of the growth period. As expected, and according to all growth functions in this study, Iranian native birds grew slower with a final weight that was 2.5 times smaller than that of the commercial Ross 308 strain. This is in agreement with Lin et al. (2010) who reported that compared with Taiwanese native chickens, commercial broilers grew faster, consumed more feed and converted feed into gain more efficiently. Selection for heavier BW in commercial broiler chickens and change in their growth through genetic selection is well documented (Havenstein et al., 2003) .
Dietary ME is a key input that controls broiler growth trajectory (Aerts et al., 2003) . In addition, mathematical functions of growth in poultry have played a key role in poultry improvement programmes (Nahashon et al., 2010) . The evolution of such mathematical functions as Gompertz, logistic, Lopez, Richards and Weibull to describe population growth clearly indicates how this field has developed over the years. However, both the logistic and Gompertz have points of inflection that are always at a fixed proportion of their asymptotic population values (France and Thornley, 1984) . Therefore, in the present study, two functions with a fixed point of inflection, the Gompertz and the logistic, were evaluated with regard to their ability to describe the relationship between liveweight and age in two chicken strains and compared with three flexible growth functions, namely the Lopez, the Richards and the Weibull. When comparing the fits of two functions, the first step is to examine the best-fit values of each function to make sure they are scientifically reasonable. Comparison of adjusted determination coefficients (R 2 ), showed that none of the functions was significantly superior to others. This result was in agreement with Darmani Kuhi et al. (2003) who found no significant difference among functions with a fixed point of inflection and flexible growth functions in male and female broilers.
Based on RSS values, the Richards and Gompertz functions gave the best and the worst fits, respectively. In agreement with this finding, the superiority of the Richards function, for its ability to function the growth curve of broiler chickens (male and female) and Ross 308 broiler parent flocks has been reported by other researchers (Darmani Kuhi et al., 2003; Tompić et al., 2011) .
The F test compares the fit of two equations, where the more complicated equation (the one with more parameters) fits better (has a smaller RSS) than the simple equation. There is no need, however, for statistical calculations to reject a function if the best-fit parameters of that function are not scientifically relevant. Therefore, if the more complicated function does not provide a fit (has higher RSS) that is superior to the simpler function, then it should clearly be rejected. This will happen rarely, as the curve generated by the more complicated function (the one with more parameters) will nearly always have a lower RSS, simply because it has more inflection points.
Based on the F test criterion, the Richards and the Weibull functions were superior to other functions (Table 4 ). Although flexible growth functions always have statistically significant parameter estimates, this should not be the sole criterion in selecting a growth function. For example, with the Weibull and Lopez functions, the biologically meaningful parameters did not suggest a suitable fit in our chickens, but fitting the function led to statistically significant parameter estimates.
With all criteria included, the Richards function was superior to other functions in both genetic groups. The final body weight (W f ) of commercial birds fed the 3200 kcal ME · kg -1 diet was significantly greater than those of birds fed the lower ME concentration in their diets (Table 5 ). Such a trend was not found in the native birds, however (Table  6 ). Metabolizable energy intake affects BW and composition (Boekholt et al., 1994; Wiseman and Lewis, 1998) . Geneticists have selected broilers for many years to grow faster and achieve a bigger size sooner (Havenstein et al., 2003) . The function suggests that one explanation for this is selection for greater daily energy intake due to the high concentration of ME in their diets. It has also been shown that final body weight (W f ) was significantly greater in guinea fowl broilers fed either the 3,100 or 3,150 kcal ME · kg -1 diet than those fed the 3,050 kcal ME · kg -1 diet (Nahashon et al., 2005) . The differences between the two genetic groups in relation to the effects of ME concentration on W f can be due to adaptation of the native birds in consuming feed of a lower ME concentration. In addition, native birds have a slower growth rate and reach a smaller size at maturity than commercial birds. This means that they do not need high energy concentrations in their feed. Therefore, when native birds are fed diets containing a high level of ME, they will reduce their feed intake to control their energy consumption. This may be a reason for the lack of effect of dietary ME level on W f in these native chickens. Leeson et al. (1996) reported that the birds regulated their intake to maintain a similar ME intake. In contrast to native birds, Plumstead et al. (2007) found no difference in feed intake of commercial broilers fed dietary energy levels ranging from 3000 to 3200 kcal/ kg. This means that the broilers on high-level energy concentrations received more energy, which resulted in a heavier body weight. The authors suggested that the lack of regulation of feed intake may be due to the intense genetic selection for growth over the years in modern broiler chickens affecting satiety mechanisms. Therefore, this kind of information is important in nutritional management because it allows the producer to match the requirements by adjusting what is fed to the animal when the growth rate is at its maximum.
Conclusions
Comparison of five growth functions in terms of goodness of fit criteria revealed that the four-parameter functions (especially the Richards function) were the most appropriate functions for describing the age-related changes in body weight of Ross commercial broilers and Iranian native chickens. Special attention should be paid to characterization of the growth pattern of birds under different environmental conditions or from different lines. Further studies are needed to determine the most appropriate function for use in broiler breeding and management.
